Introduction {#Sec1}
============

Since the identification of the fetal alcohol syndrome (FAS) in the 1970s (Jones and Smith [@CR61]), there has been a dramatic increase in the number of clinical and preclinical reports examining the short- and long-term effects of maternal exposure to drugs of abuse.

While maternal exposure to high doses of alcohol, cocaine, opiates, cannabis, and tobacco results in impaired growth and morphological abnormalities in the offspring (El Marroun et al. [@CR28]; Kosofsky and Hyman [@CR63]; Thompson et al. [@CR98]), low to moderate drug abuse during pregnancy and lactation has also been related to subtle, albeit lasting, postnatal alterations in brain function and behavior. Research into these mostly subtle associations between maternal drug use and offspring neurobehavioral alterations utilizes the concepts and methods of neurobehavioral teratology (Coyle et al. [@CR17]; Vorhees [@CR108]).

Over the years, general teratological principles have been modified and extended to research in behavioral teratology, resulting in two major postulates (Vorhees [@CR108]): (1) vulnerability of the central nervous system (CNS) to injury extends throughout the fetal and neonatal periods and beyond the infancy stage, including all aspects of nervous system development (e.g., neurogenesis, neuronal differentiation, arborization, synaptogenesis, functional synaptic organization, myelination, gliogenesis, glial migration, and differentiation), and (2) the most frequent manifestation of injury to the developing CNS does not result in nervous system malformations, but rather in functional abnormalities that may not be detectable at birth.

In recent years, both clinical and preclinical studies have shown that exposure to cannabis preparations during pregnancy and lactation can induce behavioral teratogenic consequences (Campolongo et al. [@CR11]; Fried [@CR38]; Fried and Smith [@CR40]; Huizink and Mulder [@CR57]; Navarro et al. [@CR76]; Schneider [@CR91]; Trezza et al. [@CR103]); indeed, the main psychoactive component of cannabis, ∆9-tetrahydrocannabinol (THC), can cross the placenta during gestation, and be secreted in the maternal milk during lactation (Hutchings et al. [@CR58]; Jakubovic et al. [@CR60]).

Studies on the long-term behavioral abnormalities induced by maternal cannabis exposure are of special relevance, for two main reasons. First, nowadays cannabis preparations are among the illicit drugs most widely used by pregnant women in Western countries (Fried and Smith [@CR40]); for instance, the self-reported use of cannabis during pregnancy is approximately 2.9% in the United States (Huizink and Mulder [@CR57]), and reaches 5% in the United Kingdom (Fergusson et al. [@CR30]). Second, since the endocannabinoid system is present and already functional in early pregnancy (Fernandez-Ruiz et al. [@CR31]; Fride [@CR35]; Harkany et al. [@CR52]), the active ingredients of cannabis and their metabolites could directly affect the brain by altering endocannabinoid signaling and related neurotransmitter and neuroendocrine systems.

A common problem in neurobehavioral teratology is that the identification of subtle neurodevelopmental phenotypes after exposure to drugs of abuse during pregnancy and lactation is often elusive (Kosofsky and Hyman [@CR63]; Thompson et al. [@CR98]). The effects of drugs that alter brain development without a physical phenotype or an easily identified neurodevelopmental behavioral phenotype such as seizures or retardation may go undetected and underreported, despite significant impact on brain development and behavior (Kosofsky and Hyman [@CR63]). Furthermore, clinical studies face the extreme complexities of interacting genetic, intrauterine, and postnatal environmental factors that contribute to the drug-induced phenotype. Thus, in order to provide a deeper understanding of the impact of maternal exposure to drugs of abuse on infant and child on later development, and to adopt effective public health strategies, it is critical to stimulate a dialogue between clinical and preclinical investigators. While clinical studies allow to detect basic behavior and some aspects of functional neural activity in humans exposed to drugs of abuse during development, they do not provide information about the specific neuroanatomical, molecular, and cellular consequences that underlie the observed behavioral changes (Thompson et al. [@CR98]). Furthermore, animal studies are essential in controlling for prenatal and postnatal confounding factors and for examining the independent contribution of a certain drug to adverse neurodevelopmental consequences (Fried [@CR38]).

Here, we will summarize and discuss rodent studies examining the long-term behavioral consequences induced by exposure to cannabinoid compounds during pregnancy and/or lactation. First, we will focus on the impact of maternal exposure to cannabinoids on motor behavior, cognitive performance and emotionality in the rat adult offspring. Then, we will examine the role played by maternal cannabinoid exposure in the susceptibility to discriminative and reinforcing effects of drugs of abuse later in life. Last, we will provide experimental evidence showing that maternal cannabis exposure induces long-lasting changes in stress hormones which, in turn, might underlie some of the behavioral changes observed in the exposed offspring. We will consider only studies that used doses of cannabinoid compounds devoid of overt signs of toxicity and/or gross malformations, and that are equivalent to moderate cannabis consumption in humans. For a review of morphological abnormalities and overt signs of toxicity induced by maternal exposure to high doses of cannabinoid compounds, see Abel ([@CR1]), El Marroun et al. ([@CR28]), Fergusson et al. ([@CR30]), Linn et al. ([@CR65]).

The endocannabinoid system and the developing brain {#Sec2}
===================================================

Exhaustive research carried out during the past two decades has demonstrated the existence of the endocannabinoid system in the CNS and also in the periphery, which consists of G-protein-coupled receptors (CB~1~ and CB~2~ receptors), endogenous ligands (called endocannabinoids), and proteins involved in endocannabinoid synthesis and inactivation (Di Marzo et al. [@CR25]; Di Marzo and Petrocellis [@CR24]; Piomelli [@CR82]). This recently identified system, which is the target of psychoactive cannabis preparations, is thought to have modulatory actions in several neurobiological processes, as has been proposed from the anatomical distribution of cannabinoid receptors in the brain and from the well-known pharmacological effects of cannabinoid-related compounds (Pacher et al. [@CR80]; Pertwee [@CR81]).

The endocannabinoid system is present in the CNS during early stages of development, both in laboratory animals and humans, and plays a relevant role in brain organization during pre- and postnatal life (Fernandez-Ruiz et al. [@CR31]; Fride [@CR34]; [@CR35]; Harkany et al. [@CR52]; Romero et al. [@CR87]). Several studies have described the presence of the CB~1~ cannabinoid receptor (Rodriguez de Fonseca et al. [@CR84]) and its endogenous ligands, anandamide and 2-AG, in the developing brain (Berrendero et al. [@CR5]; Harkany et al. [@CR52]; Mato et al. [@CR67]). CB~1~ cannabinoid receptors appear to be already functional around gestational days 11--14 in rats (Berrendero et al. [@CR4]), and by week 19 of gestation in humans (Mato et al. [@CR67]), since at these stages they are already coupled to signal transduction mechanisms that involve GTP-binding proteins. In both rats and humans, the levels of CB~1~ receptors at fetal ages are substantially higher than those seen in the adult brain (Berrendero et al. [@CR5]; Mato et al. [@CR67]). This atypical distribution of CB~1~ receptors has been interpreted, for both species, as indicating a specific role for the endocannabinoid system in several developmental events, such as metabolic support, cell proliferation and migration, axonal elongation and later, synaptogenesis and myelogenesis (Fernandez-Ruiz et al. [@CR31]). The presence of CB~1~ receptors during brain development has also been associated with neuroprotective effects in the maturation of the CNS and its functions (Fernandez-Ruiz et al. [@CR31]; Fride [@CR34]).

Furthermore, there is a large body of evidence that suggests that exposure to cannabinoids during critical prenatal and early postnatal periods of brain maturation can affect the development of several neurotransmitter systems. In particular, several studies have demonstrated effects of cannabinoids on the maturation of catecholaminergic (Fernandez-Ruiz et al. [@CR31]; Garcia-Gil et al. [@CR45]; Hernandez et al. [@CR54]), serotonergic (Molina-Holgado et al. [@CR74]; Molina-Holgado et al. [@CR73]), GABAergic (Garcia-Gil et al. [@CR46]), glutamatergic (Suarez et al. [@CR97]), and opioidergic systems (Kumar et al. [@CR64]; Vela et al. [@CR106]; Fernandez-Ruiz et al. [@CR32]). All this supports the idea that endocannabinoids have a critical role in brain development, and that targeting the endocannabinoid system by maternal exposure to cannabinoid drugs can lead to enduring developmental changes in the exposed offspring.

Long-term behavioral consequences of maternal cannabis exposure {#Sec3}
===============================================================

Effects on locomotor activity {#Sec4}
-----------------------------

The effects of developmental exposure to cannabinoids on locomotor activity later in life are controversial. An increased motor activity in the lactating offspring of mothers receiving THC (10 mg/kg, subcutaneously) during gestational days 6--12 has been reported; these effects, however, disappeared by postnatal day 21 (Borgen et al. [@CR6]). More recent studies are in agreement with this previous report, demonstrating how rats, exposed to cannabinoids during pregnancy and/or lactation, were characterized by motor hyperactivity at infancy and adolescence, but not at adulthood (Mereu et al. [@CR70]; Navarro et al. [@CR76]). Together, these studies suggest that maternal exposure to cannabinoid drugs might particularly affect the ontogeny of motor behaviors, and are in line with human data showing that children prenatally exposed to cannabis are hyperactive and impulsive (Fried and Smith [@CR40]; Goldschmidt et al. [@CR48]). However, other studies found lower activity in lactating rats perinatally exposed to cannabinoids (Fried [@CR37]) or no effects at all (Brake et al. [@CR8]; Trezza et al. [@CR102]; Vardaris et al. [@CR105]). Similarly, in adult rats, maternal exposure to cannabinoid compounds has been shown to result in either decreased activity in both males and females (Fride and Mechoulam [@CR36]), increased activity in females only, or no effects (Brake et al. [@CR8]; Trezza et al. [@CR102]). The different protocols used (i.e., timing of exposure, route of administration, compound used, age of testing, etc.) might account for the different findings of these studies, and make it difficult to draw final conclusions about the long-term effects of maternal cannabis exposure on the locomotor activity of the offspring. Despite the conflicting data obtained in these studies, it is important to note that maternal administration of low doses of cannabinoids seemed to be more effective in inducing temporary changes in locomotor activity in the lactating and young offspring, rather than in adult animals.

Effects on cognitive functions {#Sec5}
------------------------------

Clinical studies have shown that cannabis use during pregnancy induces selective, deleterious effects on executive functions in the offspring both at childhood and adolescence (Day et al. [@CR22]; Fried [@CR38]; Fried and Smith [@CR40]; Fried and Watkinson [@CR41]; Fried et al. [@CR43]). Executive functions comprise capacities such as cognitive flexibility, sustained and focused attention, and working memory. The deficits in executive functions induced by prenatal cannabis exposure seem to be long lasting, since 18--22-year-old young adults exposed to cannabis in utero also showed altered neuronal functioning during visuospatial working memory processing (Smith et al. [@CR93]). However, clinical data on the potential changes induced by cannabis exposure in the long-term expression of cognitive functions later in life are not available yet. Furthermore, despite the consistency in these clinical findings, it cannot be excluded that genetic and environmental variables also contribute to the relationship between maternal cannabis use and long-term cognitive deficits in the offspring. Due to these observations, the relationship between antenatal exposure to cannabinoid drugs and long-term cognitive outcomes in the rodent offspring has received a great deal of attention. Prenatal exposure to a moderate dose of the synthetic CB~1~ cannabinoid receptor agonist WIN55,212-2 induced a disruption of memory retention in 40- and 80-day-old rat offspring tested in the inhibitory avoidance task (Mereu et al. [@CR70]). This cognitive impairment was not due to alterations of non-associative nature, since the approach latency measured during the acquisition trials of the learning task was unaffected. The memory impairment was associated with alterations in both hippocampal long-term potentiation and glutamate release. The decrease in hippocampal glutamate overflow was suggested to be the cause of long-term potentiation disruption, which could underlie, in turn, the long-lasting impairment of cognitive functions caused by the gestational exposure to the cannabinoid receptor agonist (Mereu et al. [@CR70]). To further support the hypothesis that changes in glutamatergic neurotransmission might be responsible of the cognitive impairment observed in WIN55,212-2-exposed adult offspring, in vivo microdialysis experiments showed that gestational exposure to this cannabinoid receptor agonist induces a consistent reduction of basal and K^+^-evoked glutamate outflow in the prefrontal cortex of the adult offspring (Antonelli et al. [@CR3]). As for the clinical relevance of these preclinical studies, it is important to estimate, by extrapolation, whether the dose of the synthetic cannabinoid agonist compares with that of THC absorbed by cannabis users. Previous studies have estimated that a dose of 5 mg/kg of THC in rats corresponds to a moderate exposure to the drug in humans, correcting for the differences in route of administration and body weight surface area (Garcia-Gil et al. [@CR45]; Garcia-Gil et al. [@CR46]). WIN 55,212-2 has been found to be three to ten times more potent than THC, depending on the administration route and the endpoints considered (Compton et al. [@CR13]; French et al. [@CR33]; Hampson et al. [@CR51]). Based on these considerations, the dose of WIN55,212-2 used in the studies described above (0.5 mg/kg, subcutaneously) might correspond to a moderate, or even to a low, exposure to cannabis in humans (Mereu et al. [@CR70]). Furthermore, in line with these earlier studies, we have recently demonstrated that the active ingredient of cannabis THC, administered during the perinatal period at a dose (5 mg/kg, per os, from gestational day 15 to postnatal day 9) that is not associated with gross malformations and/or overt signs of toxicity, induced cognitive impairments in the adult offspring (Campolongo et al. [@CR9]). Perinatal exposure to THC not only induced a long-term memory impairment in the adult offspring, as revealed by the inhibitory avoidance test, but also caused a disruption in short-term olfactory memory, as assessed in the social discrimination test (Campolongo et al. [@CR9]).

Interestingly, the cognitive impairments observed in THC-exposed adult offspring were associated with long-lasting alterations in the cortical expression of genes related to glutamatergic neurotransmission, together with a decrease in the cortical extracellular levels of this neurotransmitter (Campolongo et al. [@CR9]). Taken together, these preclinical studies show that maternal cannabis exposure alters cognitive performances in the adult offspring, and strongly suggest that changes in glutamatergic neurotransmission might be responsible for these effects.

Effects on emotionality {#Sec6}
-----------------------

Several preclinical and clinical findings support the hypothesis of an important role of the endocannabinoid system in the modulation of emotional states (Gaetani et al. [@CR44]; Millan [@CR71]; Moreira and Lutz [@CR75]; Viveros et al. [@CR107]; Witkin et al. [@CR112]). First, endocannabinoids are produced throughout the brain and CB~1~ cannabinoid receptors are particularly expressed in brain areas involved in the modulation of anxious states, such as the cortex, hippocampus, lateral septum, nucleus accumbens, amygdala, and PAG (Ameri [@CR2]; Davies et al. [@CR21]; Hermann et al. [@CR53]; Katona et al. [@CR62]; Schlicker and Kathmann [@CR90]; Tsou et al. [@CR104]). Second, cannabinoids modulate the release of several neurotransmitters implicated in the control of emotionality, such as serotonin, dopamine (Hermann et al. [@CR53]; Katona et al. [@CR62]; Schlicker and Kathmann [@CR90]; Tsou et al. [@CR104]) and the anxiogenic neuropeptides, CCK and CRF (Ameri [@CR2]; Rodriguez de Fonseca et al. [@CR86]). Third, several studies in cannabis users have shown that exposure to hashish and marijuana in humans produces a wide range of subjective emotional effects (Tournier et al. [@CR99]; Wachtel et al. [@CR109]). This may reflect the complex pattern of influence of cannabis on neurotransmitters known to differentially modulate anxiety states. Therefore, it is reasonable to hypothesize that maternal cannabis exposure might induce long-term changes in the emotional reactivity of the offspring. To support this possibility, clinical studies have shown that prenatal exposure to cannabis in the first and third trimesters predicts significantly levels of self-report anxiety and depressive symptoms in 10-year-old children (Goldschmidt et al. [@CR48]; Gray et al. [@CR50]). However, clinical data about the effects of maternal cannabis use on the emotional reactivity of the offspring at adulthood are still missing. Therefore, in addition to epidemiological studies in humans, and considering the intrinsic limitations of this kind of approach, animal models can contribute to clarify if and how exposure to cannabis during pregnancy and/or lactation can affect emotional reactivity in the adult offspring.

We demonstrated that perinatal exposure to THC (5 mg/kg, per os, from gestational day 15 to postnatal day 9) induced long-lasting changes in the emotional reactivity of the offspring (Trezza et al. [@CR102]). Indeed, compared to vehicle-exposed offspring, THC-exposed rats emitted more ultrasounds when removed from the nest at postnatal day 12, and spent less time in active social interaction and social play at adolescence (Trezza et al. [@CR102]). The altered emotional reactivity found in both infant and adolescent offspring perinatally exposed to THC was long lasting, as perinatal THC treatment affected behavior of adult rats in the elevated plus-maze test (Trezza et al. [@CR102]). Adult rats perinatally treated with THC did indeed spend more time in the closed arms of the maze, exhibited a significantly lower number of head dips and a higher number of stretched-attend postures than vehicle-exposed rats. The number of total entries, however, was not affected by the perinatal treatment, thus suggesting that the locomotor activity of the offspring was not compromised by THC exposure (Trezza et al. [@CR102]). In line with this finding, a decreased level of social interaction, indicative of an increased emotionality, has been found in the rat offspring exposed to the synthetic cannabinoid receptor agonist CP55,940 from postnatal day 4 to postnatal day 25 (O'Shea et al. [@CR79]). On the other hand, Newsom and Kelly ([@CR78]) reported that exposure to THC during early postnatal life (2 mg/kg, subcutaneously, from gestational day 1 to postnatal day 10) increases the level of social interaction, which could be interpreted as a decrease in emotional reactivity.

Due to the controversies existing among the preclinical studies and to the scarce availability of human data, further studies are needed to clarify the effects induced by maternal cannabinoid exposure on the emotionality of the offspring. One possible explanation for the contrasting data may be related to the different timing of exposure. It is well known how different time windows of exposure to a psychotropic agent can induce even opposite neurofunctional effects (Costa et al. [@CR14]). Moreover, differences in cannabinoid agonist used, tested doses and treatment schedules could also account for the apparent discrepancies (Schneider [@CR91]).

In spite of the controversies, it should be taken into account that, depending on the dose, route of administration and environmental contexts, acute cannabinoid administration may induce both anxiolytic- or anxiogenic-like effects in rodents (Moreira and Lutz [@CR75]; Viveros et al. [@CR107]). It is crucial to consider that all studies, focusing on the offspring emotionality, agree on the evidence that cannabinoid exposure during critical developmental periods may induce, even if in an opposite way, enduring changes in the emotional reactivity of the adult offspring.

Effects on drug sensitivity in later life {#Sec7}
-----------------------------------------

Cannabinoid and opioid neurotransmission are known to closely interact in many physiological and pathological functions, such as pain management, appetite regulation, social interactions, and drug addiction (Cota et al. [@CR16]; Fattore et al. [@CR29]; Maldonado and Valverde [@CR66]; Solinas and Goldberg [@CR94]; Spano et al. [@CR96]; Trezza and Vanderschuren [@CR100], [@CR101]). Therefore, the possibility that maternal cannabis consumption might affect sensitivity towards the reinforcing properties of opioids in adulthood has been addressed in several preclinical studies. Vela and coworkers reported that adult female, but not male, rats exposed to THC during pregnancy and lactation showed increased rate of acquisition of morphine self-administration under a fixed-ratio schedule of reinforcement at adulthood (Vela et al. [@CR106]). Compared to vehicle-exposed rats, THC-exposed males exhibited a lower density of μ-opioid receptors in the caudate-putamen area as well as in the amygdala, whereas THC-exposed females exhibited higher density of these receptors in the prefrontal cortex, the hippocampus, the amygdala, the ventral tegmental area, and the periaqueductal gray matter (Vela et al. [@CR106]). These results support the notion that perinatal THC exposure alters the susceptibility to the reinforcing effects of morphine in adult female offspring, in parallel with changes in μ-opioid receptor binding in several brain regions. However, in a follow-up study, the same regimen of THC administration had no effects on both food and morphine self-administration under a progressive-ratio schedule of reinforcement in adulthood (Gonzalez et al. [@CR49]). Differences in the response requirements between fixed- and progressive-ratio schedules of reinforcement might explain these apparently conflicting observations. Indeed, the number of lever presses required to obtain a drug injection is constant in fixed-ratio schedules, while it is increased with successive injections in progressive-ratio schedules. Thus, a fixed-ratio schedule reveals if a drug is reinforcing or not, but the reinforcing efficacy of this drug needs to be tested in a progressive-ratio schedule. Therefore, we might conclude that morphine was particularly preferred by adult females that had been perinatally exposed to THC (Vela et al. [@CR106]), but this vulnerability to morphine disappeared if animals had to work harder to get the drug (Gonzalez et al. [@CR49]). More recently, Spano and colleagues found that adult rats prenatally exposed to THC did not show enhanced heroin intake under normal conditions (Spano et al. [@CR95]). However, enkephalin expression in brain regions implicated in reward and stress, such as the nucleus accumbens and amygdala, was altered following prenatal THC exposure (Spano et al. [@CR95]). Furthermore, THC-exposed adult offspring showed enhanced heroin-seeking during mild stress and extinction (Spano et al. [@CR95]). These findings suggest an altered behavioral response to stress which intensifies the motivation for drug use in THC-exposed subjects, rather than just altered sensitivity to the reinforcing effects of the drug.

The possibility that in utero THC exposure induces sensitization to opiates has also been addressed by evaluating morphine- (Rubio et al. [@CR89]; Rubio et al. [@CR88]) or heroin- (Singh et al. [@CR92]) induced place conditioning in the adult rat offspring. In both cases, the results showed that THC-exposed adult offspring exhibited an enhanced sensitivity to the rewarding effects of opioid drugs.

Concerning the effects of maternal cannabis exposure on adult sensitivity to other drugs of abuse, Economidou and coworkers reported no effects of perinatal THC exposure on ethanol self-administration in the adult offspring (Economidou et al. [@CR27]). However, the effects of maternal cannabis exposure on adult sensitivity to drugs like psychostimulants, hallucinogens, and also cannabinoids are still unknown. Therefore, more studies are needed in order to determine whether maternal cannabis use has a direct casual influence on other illicit drug use. Furthermore, it is also important to note that preclinical studies about the relationship between maternal cannabis exposure and drug abuse later in life do not exclude the contribution of other factors such as environment and social issues that could influence the direct neurobiological effects of early THC exposure to either enhance or attenuate the progression to adult drug abuse. Caution is therefore advised when extending the results of these studies to human drug abuse.

Other behavioral effects {#Sec8}
------------------------

Consistent data are available about the effects of maternal cannabis exposure on reflex reactivity to external stimuli in the offspring. Oral administration of THC to pregnant rats did not change the auditory startle response of the offspring at adulthood (Hutchings et al. [@CR59]). More recent studies confirmed this early finding by showing that prenatal cannabinoid exposure did not affect startle magnitude and sensorimotor gating in the offspring tested at 40, 60, and 80 days of age (Bortolato et al. [@CR7]). Together, these studies suggest that prenatal exposure to cannabis derivatives does not affect reflex reactivity to environmental stimuli in the offspring.

Perinatal exposure to cannabinoid compounds increased the frequency and the time spent by adult rats in spontaneous and water-induced grooming behavior measured in a novel environment (Navarro et al. [@CR76]): this indicates that maternal cannabis exposure induces stereotyped behaviors that might be the consequence of an altered response to novelty (Navarro et al. [@CR76]).

Early studies showed that perinatal cannabinoid exposure altered sexual behavior of adult male mice (Dalterio and Bartke [@CR18]; Dalterio et al. [@CR19]; [@CR20]) and rats (Fried and Charlebois [@CR39]) that showed a longer latency to mount a receptive female. Subsequent studies confirmed these early findings, by showing that maternal exposure to cannabis extracts altered the pattern of approach to sexually receptive females in a sexual orientation test in the male rat offspring (Navarro et al. [@CR77]).

A complete overview of the long-term behavioral effects of maternal cannabinoid exposure in rats is given in Table [1](#Tab1){ref-type="table"}. Table 1Long-term behavioral effects of maternal cannabinoid exposure in ratsDrugTreatment periodBehavioral effectsRefsLocomotor activityTHC 10 mg/kg (s.c.)GD 6-GD 12Increased motor activity, that disappeared by PND21Borgen et al. [@CR6]THC 5 mg/kg (p.o.)GD 5-PND 24Increased motor activity, most evident at preweaning ages in both males and females, and also in adult femalesNavarro et al. [@CR76]THC 5 mg/kg (p.o.)GD 15-PND 9No effects at PND 12, 35 and 80 (males)Trezza et al. [@CR102]THC 2 mg/kg (p.o.)GD 3-GD22No effects at PND 21 and 90 in both sexesVardaris et al. [@CR105]THC 15--50 mg/kg (p.o.)GD 8-GD 22No effects from PND 1 till PND 32Brake et al. [@CR8]THC 3.3 mg/kg approximately (p.i.)GD 1-GD 19Reduced motor activity at PND 7, but not at PND 14Fried [@CR37]WIN55,212--2 0.5 mg/kg (s.c.)GD 5-GD 20Hyperactivity at PND 12 and 40, but not at PND 80 (males)Mereu et al. [@CR70]Cognitive functionsWIN55,212--2 0.5 mg/kg (s.c.)GD 5-GD 20Disruption of memory retention in the inhibitory avoidance task at PND 40 and 80 (males)Mereu et al. [@CR70]THC 5 mg/kg (p.o.)GD 15-PND 9Long-term memory impairment in the inhibitory avoidance test and impaired olfactory short-term memory in the social discrimination task (PND 80, males)Campolongo et al. [@CR9]EmotionalityTHC 5 mg/kg (p.o.)GD 15-PND 9Increased rate of separation-induced ultrasonic vocalizations at PND 12; reduced social interaction and play behavior at PND 35; increased anxiety-related behavior in the elevated plus-maze test at PND 80 (males)Trezza et al. [@CR102]CP55,940 (increasing doses: 0.15, 0.20, 0.30 mg/kg for 7 days at each dose, s.c.)PND 4-PND 25Reduced social interaction at PND 60 (males)O'Shea et al. [@CR79]THC 2 mg/kg (s.c.)GD 1-PND 10Increased social interaction at PND 90 (males)Newsom and Kelly [@CR78]Drug sensitivity later in lifeTHC 5 mg/kg (p.o.)GD 5-PND 24Increased rate of acquisition of morphine self-administration under a fixed-ratio schedule in adult females (no effects in males)Vela et al. [@CR106]THC 5 mg/kg (p.o.)GD 5-PND 24No effect on food or morphine self-administration in a progressive-ratio schedule in both adult males and femalesGonzalez et al. [@CR49]THC 0.15 mg/kg (i.v.)GD 5-PND 2No differences in heroine self-administration under normal conditions; however, increased heroin-seeking during mild stress and extinction (PND 62, males)Spano et al. [@CR95]THC 1--5 mg/kg (p.o.)GD 5-PND 24Enhanced sensitivity towards the rewarding effects of morphine in a conditioned place preference paradigm both in adult males and femalesRubio et al. [@CR89]THC 5 mg/kg (p.o.)GD 5-PND 24Enhanced sensitivity towards the rewarding effects of morphine in a conditioned place preference paradigm both in adult males and femalesRubio et al. [@CR88]THC 5 mg/kg (p.o.)GD 15-PND 9No effects on ethanol self-administration in adult malesEconomidou et al. [@CR27]Other behavioral effectsTHC 15--30 mg/kg (p.o.)GD 2-GD 22No effects on auditory startle at PND 57--60 in both males and femalesHutchings et al. [@CR59]WIN55,212-2 0.5--1 mg/kg (s.c.)GD 5-GD 20No effects on startle magnitude and sensorimotor gating at PND 40, 60 and 80 (males)Bortolato et al. [@CR7]THC 5 mg/kg (p.o.)GD 5-PND 24Increase in the frequency and time spent grooming in both adult males and femalesNavarro et al. [@CR76]Hashish extract 20 mg/kg (p.o.)GD 5-PND 24Altered pattern of approach of adult males toward sexually receptive femalesNavarro et al. [@CR77]*GD* gestational day, *PND* postnatal day, *p.o.* per os, *s.c.* subcutaneously, *i.v.* intravenously, *p.i.* per inhalation

Long-term neuroendocrine effects induced by maternal cannabis exposure {#Sec9}
======================================================================

The endocannabinoid system is known to modulate the activity of the hypothalamus--pituitary--adrenal (HPA) axis (Cota [@CR15]; Hill and McEwen [@CR56]; Rodriguez de Fonseca et al. [@CR83]; Weidenfeld et al. [@CR111]). Interestingly, the effects of endocannabinoids on the HPA axis are consistent with their neuromodulatory action on brain neurotransmitter systems. For instance, endocannabinoids have been found to mediate the nongenomic glucocorticoid-induced inhibition of glutamate release within the paraventricular nucleus of the hypothalamus (Di et al. [@CR26]), or to mediate glucocorticoid-induced inhibition of spontaneous neuronal activity and sensory responsiveness of medullary neurons (Coddington et al. [@CR12]). These data, together with our recent findings showing that endocannabinoids mediate glucocorticoid-induced enhancement of emotional memory processing in the amygdala (Campolongo et al. [@CR10]), led to the hypothesis that endocannabinoids might play a crucial role in the fast nongenomic neuronal actions of glucocorticoids (Hill and McEwen [@CR55]).

Glucocorticoids, in turn, are well-known epigenetic factors able to affect brain development (McEwen [@CR69]), and it has been suggested that activation of the HPA axis might underlie the neurobehavioral changes observed after perinatal exposure to either drugs of abuse or stress (McEwen [@CR68]). Therefore, it is possible that some of the neurodevelopmental effects induced by maternal cannabis exposure might be due to changes in the epigenetic role of stress hormones on brain development. Data from animal studies support this possibility. It has been reported that adult female rats exposed to THC during pregnancy and lactation exhibited higher levels of both corticotrophin releasing factor (CRF-41) in the medial basal hypothalamus and plasma corticosterone, whereas THC-exposed males showed lower levels of both endocrine parameters (Navarro et al. [@CR76]; Rubio et al. [@CR88]). In a subsequent study, the same group showed that perinatal exposure to doses of the synthetic cannabinoid agonist HU-210 equipotent to human cannabis consumption resulted in a dose-dependent decrease in plasma corticosterone levels in the adult male offspring, and in clear alterations in the responsiveness of the HPA axis to an acute stimulatory challenge with HU-210 (del Arco et al. [@CR23]). The authors suggest that these endocrine alterations might reflect compensatory mechanisms for the presence of higher levels of corticosterone during fetal development following a HU-210-induced increase in corticosterone in maternal blood (Rodriguez de Fonseca et al. [@CR85]; Ward and Weisz [@CR110]). Interestingly, offspring perinatally exposed to high levels of the synthetic cannabinoid agonist showed a decreased responsiveness of the HPA axis to stressors at adult ages, whereas offspring perinatally exposed to low levels of the same cannabinoid compound showed a sensitization of the HPA axis (del Arco et al. [@CR23]). These data point out that maternal exposure to even low doses of cannabinoid compounds induces long-lasting alterations in the functionality of the HPA axis that, in turn, might result in an impairment in the behavioral and neuroendocrine response to stress in the adult offspring. To support this interpretation, it has been shown that neonatal administration of THC alters the neurochemical response to stress in adult rats (Mokler et al. [@CR72]). Further research, however, is needed to establish the precise role of stress hormones in the neurobehavioral consequences induced by maternal cannabis exposure.

Conclusions {#Sec10}
===========

The effects of maternal drug exposure on brain development and behavior later in life are complex, and are modulated by several factors like timing, dose, and route of drug exposure. Investigating these effects in human studies is difficult, due to frequent simultaneous exposure to multiple drugs, difficulties in documenting use patterns, influence of social and genetic factors, and practical problems in conducting long-term prospective longitudinal studies. Therefore, preclinical studies provide a unique opportunity to identify the long-lasting behavioral abnormalities induced by maternal drug exposure, and the specific neuroanatomical, molecular, and cellular changes that underlie these behavioral effects (Thompson et al. [@CR98]).

The preclinical studies reviewed in this article outlined that cannabinoid drugs are neuroteratogens able to induce long-lasting behavioral abnormalities in the exposed offspring. In particular, administration of even low doses of cannabinoid compounds during development results in atypical development of locomotor activity, cognitive impairments, altered emotional behavior and enhanced drug sensitivity later in life. Although most longitudinal prospective studies (Fried [@CR38]; Fried and Smith [@CR40]; Goldschmidt et al. [@CR48]; Gray et al. [@CR50]; Smith et al. [@CR93]) about the long-term effects of maternal cannabis exposure in humans are still in progress, some of the preclinical findings reviewed in this article are in line with clinical studies reporting hyperactivity, cognitive impairments, and altered emotionality in humans exposed to cannabis during pregnancy and/or lactation (Fried and Smith [@CR40]; Fried et al. [@CR42]; Goldschmidt et al. [@CR47]; [@CR48]; Gray et al. [@CR50]; Smith et al. [@CR93]). This parallelism further support the utility of animal studies in getting information about the long-term neurobehavioral outcomes of maternal cannabis use that is relevant to the human exposure. Conversely, although animal models allow to control for several confounding factors associated with human studies, they do not take into account environmental and social factors that could influence the long-term neurobehavioral effects of maternal cannabis exposure. This issue is particularly important when assessing the effects of early cannabis exposure on drug sensitivity later in life. Therefore, it is clear that only a dialogue between clinical and preclinical investigators will allow to determine the precise risk of maternal cannabis use, the neurobiological mechanisms underlying the altered behavioral phenotype observed in cannabis-exposed subjects, and the interaction between drug exposure and other factors that influence fetal brain development, like maternal stress, social, genetic, and environmental factors.
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